Abstract-We present the design of readout circuitry based on complementary metal-oxide semiconductors (CMOS) for spin-waves. The circuit provides the functionality of a high-speed oscilloscope/spectrum analyzer, and can be integrated with a spin-wave-based signal processing device. The circuit consumes sub-50 mW power and requires an area below 1 mm 2 . A spin-wave-based processing system, when combined with the presented electrical input/output circuitry, can perform complex microwave signal processing tasks, with speed, power consumption, and area that are not feasible in a CMOS-only system.
I. INTRODUCTION AND MOTIVATION
Magnetic computing is among the most promising emerging computing concepts. A large number of devices were proposed and demonstrated-they may be based on nanomagnets [Csaba 2015 ], domain walls [Allwood 2005 ], spin-currents [Behin-Aein 2010] , spintorque oscillations [Csaba 2012 , Locatelli 2014 or spin-waves [Csaba 2014 , Chumak 2014 , Khitun 2013 , Chumak 2015 . Complementary metal-oxide semiconductor (CMOS)-based circuit technology, however, is highly optimized to almost any computing need and it is a tall order to replace CMOS-based circuits even in very special applications.
One area where CMOS-based devices are clearly sub-optimal is high-speed signal processing applications. While it is absolutely possible to scale CMOS circuitry in the 100 GHz range [Doan 2005 ] at several gigahertz frequencies, capacitive and inductive couplings lead to large power dissipation via parasitic signal paths. In order to minimize Johnson-Nyquist noise, small resistors and large transistors are required. In most designs, significant area is taken by passive, hard-to integrate components such as inductors.
Spin-wave-based devices, which naturally operate at gigahertz frequencies, may successfully compete with CMOS-based solutions, as they are free from such parasitics.
In this letter, we will argue that devices based on spin-wave interference make outstanding high-frequency signal-processing components, which can do signal processing from low radio frequencies (low-RF) all the way up to very high frequencies (potentially hundreds of gigahertzs). Parasitics and noise will not be a limiting factor in spin-wave device performance. Coupling the spin-waves to electrical circuitry is, however, a challenge, because of the very low energy carried by the spin waves. Input and output is the Achilles's heel of spin-wave-based devices and the eventual practicality of spin-wave devices will hinge on the feasibility of low-cost, integrable input/output (I/O) structures.
There are several proposals for spin-wave-based computing systems and some of those ideas have been experimentally demonstrated [Chumak 2014 , Khitun 2013 . In these demonstrations, however, outputs were picked up either optically, or with high-end spectrum/network analyzers. The feasibility of a relatively simple, on-chip read-out circuitry was not assessed. It must be noted that on-chip solutions for sensing weak, high-frequency magnetic signals do exist [Russer 2001] , and served as starting points for this work.
This letter shows the circuit components of CMOS circuitry that can be used for picking up analog spin-wave signals and therefore would allow the integration of spin-wave-based processing units to RF circuitry. We will demonstrate that on-chip readout is certainly feasible, but it requires significant circuitry, which will likely consume orders of magnitude more power than the spin-wave system and the spin-wave generating circuitry combined. The challenges related to high-speed magneto-electric interconnection stem from the low energy of the spin-wavefront and seem to be fundamental. Spin-wave-based processing units may become practical devices only if they provide sufficiently high functionality that the cost of output circuitry pays off.
Section II introduces a spin-wave-based signal processing device and we outline its I/O requirements. As a simple example for spinwave pickup, we characterize a loop antenna in Section III. The actual pickup and amplifier circuitry (low-noise amplifiers, mixers, operational amplifiers) were designed in a 65 nm CMOS process and the designs will be presented in Section IV. We conclude by estimating the possible technological benefits of a spin-wave-based RF processing system.
II. EXAMPLE OF SPIN-WAVE-BASED PROCESSING DEVICES AND THEIR INPUT/OUTPUT REQUIREMENTS
One possible approach to spin-wave-based devices exploits the analogy between spin-wave devices and light [Csaba 2014] . While the physics of spin-waves and electromagnetic waves are substantially different, they both can be approximated as linear waves (for small spin-wave amplitude). Signal processing can be done by taking advantage of interference pattern formation, just as it was done in coherent optical signal processing [Feitelson 1988] .
As an example, Fig. 1 shows a spin-wave-interference-based processing unit [Papp 2001 ]. This is an optical analogy of the Rowland circle, which is known for X-ray spectroscopy [James 2007 ]. The device itself is made of a patterned, low-damping magnetic thin film (such as yttrium-iron garnet, YIG) with a waveguide (aka transmission line) in its vicinity for the generation of the spin waves. In this simulation example, the film is magnetized out-of-plane by applying a B z = 520 mT field. The serrated edge of the film simultaneously acts as a source of spin-waves and as a diffraction grating. Since the diffraction grating is curved, spin-waves with different wavelengths are eventually focused into different points along the so-called Rowland circle.
The spin-waves are generated on the edge of the film by the Oersted field of the nearby waveguide. The device of Fig. 1 may be used as a spectrum analyzer. If the ac current of the waveguide is composed of multiple frequency components; those frequency components will generate spin-waves with different wavelengths (corresponding to the constituent frequencies), and those components will eventually be focused at different points along the Rowland circle (i.e., the output line). The spin-wave intensity at the output line will represent the spectral decomposition of the input signal at any moment.
The overall size of the device depends on the spin-wave wavelength, the frequency range and decay length of the spin-waves in the film. In order to get reasonably high resolution in the frequency space, device size should be at least a few hundred times the λ wavelength. Read-out antennas can be placed with λ spacing for highest resolution in the frequency space. Using parameters from Yu [2016] (λ ≈ 1 μm, spinwave propagation distance ≈ 1000 λ), total device size may ideally be a few hundred micrometers or millimeters in size. Using nanoscale exchange waves, the device scales all the way down to micrometer dimensions.
The computing function of this device is provided by spin-wave interference in the patterned film. The main challenge lies in creating and picking up spin-wave excitations.
Creating the spin-wave wavefront by a waveguide seems relatively straightforward. According to our microwave and micromagnetic calculations, a few milliamperes of ac current flowing through this trans- mission line generates a few milliteslas of magnetic field at the magnetic film edge, which, in turn, results in a few degrees of deflection of the magnetization angle. This creates spin-waves well in the linear regime. Relatively little power (in the order of milliwatts) is required to generate the wavefront.
It must be noted that in the studied geometry, coupling between the transmission line and the magnetic field is highly inefficient. Typically, YIG films represent a few hundred ohms of resistance per centimeter of load to transmission lines-this is why magnetostatic wave-based devices [Adam 1980 ] have to be relatively large (several millimeters or centimeters) in order to significantly influence propagating microwave power. For a submillimeter-size structure, a negligible fraction of the microwave energy will be converted into spin waves. However, due to the small damping (and consequently small thermal noise) in YIG films and the relatively large propagation distances, even this lowenergy wavefront can carry high-frequency analog information.
The challenge comes when the low-energy wavefront has to be converted back to electrical signals, preserving the signal-to-noise ratio at high bandwidth. The spin-wavefront has to be sensed and amplified back to signal levels, where they can be further handled by electronic circuitry.
III. OUTPUT ANTENNA CHARACTERISTICS
As a simple example, we consider a magnetic loop antenna on the surface of the magnetic film, as illustrated in Fig. 2 . Such antennas are commonly modeled as a lumped RL circuit with an added voltage generator, representing the induced voltage [Russer 2001 ].
The peak value of the induced voltage can be estimated assuming that the B sur f surface flux is generated by the out-of plane component of the oscillating magnetization. For an in-plane magnetized plane B sur f ≈ μ 0 M de f l M s , where M de f l is the relative spin-wave amplitude and M s is the saturation magnetization of YIG. The voltage in this approximation results as
where A is loop area and f is the spin-wave frequency. Assuming an A = 1 μm 2 loop area and M de f l ≈ 0.1, this formula gives V ≈ 17 μV. Equation (1) assumes that the loop surface and the spin-wave wavelength are matched to each other, i.e., there are no multiple spinwave periods inside the loop. The M de f l ≈ 0.1 value is somewhat optimistic and at the high end of the meaningful parameter range-if nonlinear effects are to be entirely avoided, then spin-waves must be excited with a smaller amplitude (such as in the M de f l ≈ 0.01 range). The resistance of the loop can be estimated by the elementary standard R = ρl/(tw) formula, where ρ, l, t, w are the conductor resistivity, length, thickness, and width, respectively. Resistance is close to R ≈ 50 .
The self-inductance of the loop can be approximated by known formulas from literature [Russer 2001] , and results as L bare = 2.5 pH for the loop geometry of Fig. 2 . This value is significantly altered by the presence of the YIG film-using OOMMF for calculating the magnetostatic energy of the loop on top of a YIG film, we found that L ≈ 10L bare .
Overall, these are very similar parameters to the ones encountered in the design of RF antennas. Just as in RF design, the low signal levels and the thermal Johnson-Nyqist noise appearing on the antenna limit the lowest accessible signal level.
Assuming that all noise originates from the resistance of the antenna, signals with reasonable SNR (SNR >20 dB) may be picked up at 50-100 MHz bandwidth. According to (1), the antenna size should a = 1 μm or larger to satisfy this condition.
Spin-wave-based device proposals that use only a single frequency [Csaba 2014 , Khitun 2013 ] (i.e., monochormatic spin-wave excitations) may be restricted to a much smaller bandwidth. This may allow very sensitive readout of analog spin-wave signals, at the expense of significant filtering. In the readout circuitry presented below, we target wideband application, as it would be required by the spectrum analyzer of Fig. 1 .
Thermal agitation of magnetic moments also contributes to the noise of spin waves. We used OOMMF with the Thetavolve module [Donahue 1988 , Lemcke 2014 ] to estimate the magnitude of thermal agitations and their influence on the read-out signal. The magnetic field and the flux over the antenna area were calculated. We found that the noise voltages are in the microvolt range for a 100 GHz frequency range, which are well below the thermal noise caused by antenna resistance. The magnetic noise is equivalent to an R noise ≈ 10 −3 additional resistance of the input antenna. The low magnetic noise is in part due to the low damping in YIG films, as the strength of thermal fluctuations in magnetic materials is linked to the damping coefficient via the fluctuation-dissipation theorem [Scholz 2001 ].
IV. AMPLIFIER DESIGN FOR SPIN-WAVE READOUT
The readout circuitry follows the general layout of an on-chip oscilloscope or spectrum analyzer. The functional principle of the circuitry is depicted in the block diagram in Fig. 3 . Such receiver structures are also commonly used in mobile communication or in the radar systems for automotive applications [Gresham 2001 ]. The challenge of the spin-wave analysis, compared to the mobile or radar applications, is the wideband operating principle, i.e., low-noise ampli- fier (LNA), mixer and voltage-controlled oscillator (VCO) should not be optimized for one particular frequency but rather for a relatively high frequency range of 10-40 GHz with a reasonable amplification magnitude of 10-20 dB. We use 65 nm CMOS technology for our circuit simulations in Cadence Virtuoso.
As shown in Fig. 3 , first the signal, picked up by the antenna, is amplified by an ultra-wideband LNA. The simulated circuit of the LNA shows a bandpass characteristic with a magnitude of 20 dB in the frequency range of 10-40 GHz [see Fig. 4(b) ]. The topology of the designed LNA is depicted in Fig. 4(a) . The connection between the antenna and the LNA is realized with a coupling capacitor C C . It contains three stages with different center frequencies that, combined, lead to the ultra-wideband characteristic. Each stage is realized as a commonsource circuit with a cascode, which reduces the Miller effect and also increases the amplification. Active shunt feedback was inserted in the first stage of the LNA, which is also the most critical stage regarding the noise figure. This feedback improves the bandwidth of the input matching but deteriorates gain and noise performance at the same time. Careful adjustment of this tradeoff and additional peaking inductors in the first stage allow for an overall optimization of the LNA's key characteristics. The power consumption of the LNA is equal to 27 mW and it needs an area of approximately 0.13 mm 2 , of which 24 μm 2 is taken up by MOSFETs. The most space-occupying parts are the inductors, which are required to compensate the parasitic capacitances of the MOSFETs and in turn improve gain, bandwidth, and noise figure without increased power consumption. A similar approach was already fabricated in 90 nm CMOS and published in Cao [2013] .
At the second step, the radio frequency (RF) spectrum is converted by the mixer to a lower intermediate frequency (IF) . The idea behind the mixer is multiplication of two periodic signals in the time domain. In order to get a relatively low frequency in the IF signal, the local oscillator (LO) frequency has to be in the region of the RF. Due to the convolution of the signals RF and LO in the frequency domain, undesired high-frequency components are generated in the IF signal as well. However, these high-frequency parts can be easily filtered by an operational amplifier (OpAmp) with a low-pass characteristic. A wide variety of mixer designs are known, we are using the one from The LO signal with a required frequency is generated by the VCO. The VCO is a tunable on-chip frequency synthesizer and it can also be controlled digitally, as shown in Da Dalt [2006] . The performance of such a VCO considering the area and the power lies in the regions of 0.02 mm 2 and 3 mW, respectively. Prior to the conversion of the IF signal to a digital domain by an analog-to-digital converter (ADC), where the analyses of amplitude, frequency, and phase information of the spin waves can be done, it must be amplified to reasonably high voltage values (100-300 mV). This task is performed by the wideband OpAmp. It consists of three series-connected cascode differential amplifiers (see Fig. 5 ), each with an amplification of 20 dB and a bandwidth of 100 MHz. The net gain is flat 60-70 dB in the entire frequency range.
The described on-chip oscilloscope schematic in Fig. 3 is an appropriate design for on-chip spin-wave characterization and offers an integrated low-power alternative to currently used spin-wave detecting systems.
V. CONCLUSIONS: PERFORMANCE OF A SPIN-WAVE-BASED COMPUTING SYSTEM
The low energy and high frequency of spin-waves makes them attractive candidates for emerging computing and signal processing tasks, but makes magneto-electric interconversion challenging. In order to assess the feasibility of a spin-wave-based processing system, we designed a CMOS-based pickup circuitry. In our example, a significantly large circuit consuming several milliwatts of power is required to pick up spin-wave signals at the output of spin-wave-based processing devices.
There is certainly room for optimizing the circuit and reducing power consumption/area figures and we have demonstrated the design for only one particular set of parameters. Different bandwidth, center frequency, or loop area may be used in order to achieve simpler readout circuitry. Alternatively, one may exploit a possibly more efficient coupling mechanism between spin-waves and charge, such as spin-pumping [Haertinger 2007 ]. However, due to fundamental limitations (low spin-wave energy and the need for fast, high-bandwidth operation), it is unlikely that the output circuitry can be made orders of magnitude more efficient then the design presented here. Spin-wave devices must always be designed with the output overhead in mind. Devices with high functionality and very few output ports are the ones that are practically most promising.
